ABSTRACT. We examined cross-species transferability and usefulness of six nuclear microsatellite markers developed in consubgeneric eastern white pine (Pinus strobus) with regard to ecologically and commercially important Mexican white pine species of conservation genetics concern: Pinus chiapensis (Mart.) Andresen, P. flexilis James, P. strobiformis Engelm., P. ayacahuite Ehrenb. Ex Schltdl, and P. ayacahuite var. veitchii (Roezl) G.R. Shaw. Four to six microsatellite loci were found to be polymorphic in different species, with moderate to high informativeness in a relatively small number of samples (PIC/H E = 0.25-0.93). This successful transfer sidesteps the time-and resourceconsuming development of species-specific microsatellite markers, and will facilitate population and conservation genetic studies and genetic resource management of the less studied Mexican white pines.
INTRODUCTION
Mexican white pines represent a valuable natural resource because they play an essential role in ecological processes and are an important source of timber and cellulose (Farjon and Styles, 1997) . The main Mexican white pine species are: Pinus chiapensis (Mart.) Andresen, P. flexilis James, P. strobiformis Engelm., P. ayacahuite Ehrenb. Ex Schltdl, and P. ayacahuite var. veitchii (Roezl) G.R. Shaw. They belong to the subgenus Strobus of the genus Pinus. The conservation genetics of most of these species is important (Bower et al., 2011) . Despite the ecological, conservation, and economic importance of these Mexican white pines, very few studies have been conducted regarding their genetic diversity and population structure, which would facilitate the conservation and sustainable management of their genetic resources. This is probably due to the almost complete lack of highly informative cross-species transferable DNA markers of the nuclear genome. Pinus chiapensis is perhaps the most studied of the Mexican white pines. Published molecular studies based on isozymes and DNA markers (low-copy unlinked nuclear loci and RAPDs) revealed low genetic diversity in this species (Castillo et al., 2009 ). Molecular marker-based studies in the P. strobiformis-P. ayacahuite complex have been limited to genetic diversity assessment using isozymes (Hernández-Gónzalez 1990; Ledig, 1998 ), RAPDs (Castro-Félix et al., 2006 , and chloroplast microsatellite markers (Ortíz-Medrano et al., 2008; Moreno-Letelier and Piñero, 2009) .
Microsatellites or simple sequence repeats (SSRs) provide a rich source of highly informative codominant genetic markers that are suitable for a variety of genetics and breeding studies and applications. Recently, next-generation sequencing of genomic and cDNA allows the identification of large numbers of microsatellites. However, all of the approaches require library construction and sequencing efforts, which are still not affordable or feasible in laboratories with scarce resources, especially in developing countries such as Mexico. In such cases, cross-species transferability of microsatellite markers between phylogenetically close species could serve as an adequate interim strategy, particularly when the objective is only to find a limited number of markers to conduct population and conservation genetic studies (Dayananadan et al., 1998; Rajora et al., 2001; Echt et al., 2011) .
The objective of this study was to examine the transferability of nuclear microsatellite markers developed in eastern white pine (Pinus strobus) (Echt et al., 1996) to Mexican white pine species and their informativeness. The microsatellite loci were selected on the basis of the level of polymorphism detected in P. strobus in previous studies (Echt et al., 1996; Rajora et al., 2000; Marquardt and Epperson, 2004) .
MATERIAL AND METHODS
Four Mexican white pine species, including two varieties of one species were used to examine the transferability and informativeness of eastern white pine microsatellites: Pinus chiapensis -Chiapas pine, P. flexilis -limber pine, P. strobiformis -southwestern white pine/ Mexican white pine, P. ayacahuite -Mexican white pine, and P. ayacahuite var. veitchii. Two to 15 accessions per species or variety were used (Table 1 ). The individuals used for this study were sampled from the following natural populations in México: P. strobiformis (31°03ꞌ18ꞌ ꞌ-27°43ꞌ36ꞌꞌ-24°53ꞌ13ꞌꞌN, 110°22ꞌ59ꞌꞌ-107°40ꞌ19ꞌꞌ-100°13ꞌ26ꞌꞌE), P. flexilis (24°53ꞌ13ꞌꞌN, 100°13ꞌ26ꞌꞌE), P. ayacahuite (20°09ꞌ26ꞌꞌ topotype-20°09ꞌ13ꞌꞌ-19°31ꞌ08ꞌꞌ-16°40ꞌ13ꞌꞌN, 98°39ꞌ20ꞌ ꞌ-98°38ꞌ07ꞌꞌ-97°05ꞌ42ꞌꞌ 92°33ꞌ15ꞌꞌE), P. ayacahuite var. veitchii (20°22ꞌ41ꞌꞌ-19°40ꞌ-19°12ꞌ38ꞌ ꞌN, 105°02ꞌ37ꞌꞌ-102°25ꞌ-98°44ꞌ10ꞌꞌE), and P. chiapensis (19°55ꞌ17ꞌꞌ-16°59ꞌ49ꞌꞌN, 97°15ꞌ26ꞌꞌ-92°49ꞌ41ꞌꞌE) .
Total genomic DNA was extracted from needles of individual sampled trees using the CTAB method with minor modifications (Palomera et al., 2008) . DNA quality and concentration were determined visually on agarose gels and by UV spectrophotometry. DNA samples were diluted in MilliQ water to a final concentration of 20 ng/μL.
Six microsatellite loci (RPS2, RPS12, RPS25b, RPS39, RPS50 and RPS60) developed and characterized by Echt et al. (1996) were used to test their transferability and informativeness in Mexican white pines. These markers were selected from the 12 polymorphic SSRs used for genetic diversity assessment in eastern white pine by Rajora et al. (2000) because of their high polymorphism. The PCR amplification of the microsatellites in the Mexican pine samples was performed according to Rajora et al. (2000) with minor modifications. PCR amplifications were carried out using 10-µL reaction mixtures containing 20 ng genomic DNA, 1X PCR buffer, 2.5 mM MgCl 2 , 0.25 mM of each dNTP, 250 nM each primer and 0.15 U Taq DNA polymerase (Invitrogen, USA). PCR products were separated on a LI-COR 4200 genetic analyzer, and the alleles at a SSR locus were determined by scoring the LI-COR gels with the SAGA GT program (LI-COR Inc. Lincoln, NE, USA) and verified manually. We tested each SSR locus for successful amplification on DNA from each species in only one individual PCR run. The number of alleles was determined for each locus. The observed and expected heterozygosities were estimated using ARLEQUIN v3.5 (Excoffier and Lischer 2010) . The polymorphism information content (PIC) of each locus was determined as described by Cuc et al. (2008) .
where P i is the frequency of the ith allele in the species examined. This value is the same as expected heterozygosity (H E ).
RESULTS AND DISCUSSION
The results of the cross-species amplification, transferability, and informativeness of six microsatellite markers in the Mexican white pine species studied are shown in Table 1 . The primers of all six SSR loci produced amplification products in the expected size range. All six microsatellite loci were resolved in P. chiapensis and P. ayacahuite; however, RPS39 was monomorphic in P. chiapensis and RPS60 was monomorphic in P. ayacahuite (Table 1) . Five microsatellite loci were resolved in each of P. strobiformis and P. ayacahuite var. veitchii, and four in P. flexilis (Table 1) . The primers for RPS60 did not produce any amplicons in these three Mexican white pine taxa. Loci RPS12 and RPS25b were monomorphic in P. flexilis with limited sample size of 2. The number of alleles at a polymorphic locus ranged from 2 at RPS25b in P. chiapensis to 9 at RPS12 in P. ayacahuite. The total number of alleles at a locus ranged from 5 to 20 across all species, with RPS12 showing the highest, 20 alleles. The PIC/H E ranged from 0.25 at RPS25b in P. chiapensis to 0.93 at RPS12 in P. ayacahuite var.
veitchii (Table 1) . Overall, the SSR markers showed high informativeness despite the very small sample size used. This informativeness is similar to that normally observed in a source species of microsatellites. Cross-species amplification of all six eastern white pine microsatellites and high informativeness of the polymorphic markers in P. chiapensis is consistent with very close phylogenetic relationships between these two species as compared to eastern white pine's relationships with other Mexican white pine species examined in this study (Gernandt et al., 2005; Parks et al., 2009) .
The results of our study demonstrate that four to six microsatellite markers developed and characterized in eastern white pine are transferable to and informative in the five Mexican white pine species and varieties examined. These markers could be used for various population and conservation genetic studies, as well as others, and in applications in the Mexican pines examined. The informativeness of these markers will likely be higher than those observed in our study because the sample size used was very small. The other microsatellite markers developed in eastern white pine (Echt et al., 1996) , especially those that have been successfully used in population and conservation genetic studies in eastern white pine (Rajora et al., 2000; Marquardt and Epperson, 2004) , should be examined for their cross-species transferability and informativeness in the Mexican white pine species studied.
